Marek's disease virus (MDV), a lymphotropic alphaherpesvirus, causes Marek's disease (MD) in chickens. MD is characterized by neurological signs, chronic wasting, and T cell lymphomas that predominate in the visceral organs. MDV replicates in a highly cell-associated manner in vitro and in vivo, with infectious virus particles being released only from feather follicle epithelial (FFE) cells in the skin. Virus produced and shed from FFE cells allows transmission of MDV from infected to naïve chickens, but the mechanisms or roles of differential virus gene expression have remained elusive. Here, we generated recombinant MDV in which we fused enhanced green fluorescent protein (EGFP) to the C terminus of the tegument protein pUL47 (vUL47-EGFP) or pUL49 (vUL49-EGFP). While vUL49-EGFP was highly attenuated in vitro and in vivo, vUL47-EGFP showed unaltered pathogenic potential and stable production of pUL47-EGFP, which facilitated direct analysis of pUL47 expression in cells and tissues. Our studies revealed that pUL47-EGFP is expressed at low levels and localizes to the nucleus during lytic replication in vitro and in lymphocytes in the spleen in vivo, while it is undetectable in tumors. In contrast, pUL47-EGFP is highly abundant and localizes predominantly in the cytoplasm in FFE cells in the skin, where MDV is shed into the environment. We concluded that differential expression and localization of MDV pUL47-EGFP tegument protein is potentially important for the unique cell-associated nature of MDV in vitro and in lymphocytes in vivo, as well as production of free virus in FFE cells.
M
arek's disease (MD) in chickens is caused by the alphaherpesvirus Gallid herpesvirus 2 (GaHV-2), better known as MD virus (MDV). The most prominent sign of MD is the development of solid lymphomas in the viscera and other organs (5, 24) . According to our current understanding, infection begins through the respiratory route by inhalation of cell-free virus or infected cells in chickens. The virus is presumably taken up by macrophages or dendritic cells and transported to lymphoid organs, where primary cytolytic infection occurs in B lymphocytes. MDV then infects T lymphocytes, where it can establish latency, predominantly in activated CD4 ϩ T cells, which can also undergo oncogenic transformation, ultimately resulting in lymphoma formation. Irrespective of the transformation event, migrating lymphocytes transport MDV to feather follicle epithelial (FFE) cells in the skin. MDV is highly cell associated in tissue culture cells and during in vivo replication in B and T lymphocytes (2, 9, 41) , while the only known cell type in which fully infectious virus is produced is FFE cells in the skin (6) .
Many aspects of MDV replication and pathogenesis have remained unknown, partly due to the inability to track the virus in specific organs. In many other viruses, including herpesvirus, expression of fluorescent proteins in a soluble form or fused to a viral protein has allowed tracking of virus-infected cells and the localization of specific viral proteins. Elliott and colleagues fused green fluorescent protein (GFP) to pUL47 and pUL49 of herpes simplex virus 1 (HSV-1) and investigated the localization of both proteins in infected cells in vitro (13, 19) . Sugimoto et al. generated recombinant HSV-1 expressing three fluorescent proteins fused to the capsid viral protein 26 (VP26), the tegument protein VP22 (pUL49), and the envelope glycoprotein B (gB) in order to track the different proteins during replication in vitro (42) . Several groups have generated fusions between MDV and fluorescent proteins or inserted fluorescent protein genes under the control of independent promoters into the virus genome; however, all attempts to date have resulted in attenuated virus or loss of fluorescent-protein expression over time, or recombinant viruses were never tested in vivo (3, 7, 11, 12, 34, 38, 42, 46) .
In this report, we generated recombinant MDV (rMDV) by two-step Red-mediated mutagenesis (21, 43 ) that harbor enhanced GFP (EGFP) fused to the C terminus of the pUL47 (VP13/ 14) or pUL49 (VP22) tegument protein in a highly virulent MDV strain (21, 35) . pUL49-EGFP was highly expressed, while pUL47-EGFP was weakly expressed in vitro. Plaque size assays and analysis of pathogenicity revealed that rMDV expressing pUL49-EGFP (vUL49-EGFP) was attenuated in vitro and in vivo. In contrast, MDV expressing pUL47-EGFP (vUL47-EGFP) replicated comparably to parental virus in vitro and efficiently induced tumors and was transmitted to naïve animals in vivo. pUL47-EGFP was detectable at low levels in vitro and in lytically infected cells in vivo, but not in transformed cells in tumors. Interestingly, expression of pUL47-EGFP in FFE cells in the skin was highly abundant. In addition, pUL47-EGFP was localized predominantly in the nuclei of infected cells in vitro, while it was mainly present in the cytoplasm in infected FFE cells in vivo. We concluded from our results that the strong expression of pUL47 and altered localization to the cytoplasm in FFE cells may potentially be prerequisites for the production of infectious virus in the skin of MDV-infected chickens.
MATERIALS AND METHODS
Generation of EGFP-tagged rMDV. Coding sequences of the EGFP gene were inserted in frame at the C terminus of the UL47 or UL49 gene by two-step Red-mediated mutagenesis (21, 43) in a modified version of the pRB-1B infectious bacterial artificial chromosome (BAC) clone (35) that was restored for horizontal transmission (21) . Briefly, the EGFP-I-SceIaphAI cassette was amplified from pEP-EGFP-in (44) and used for mutagenesis in GS1783 Escherichia coli cells. All clones (rParental, rUL47-EGFP, and rUL49-EGFP) were confirmed by restriction fragment length polymorphism (RFLP) analysis, analytic PCR, and DNA sequencing. The oligonucleotides used for mutagenesis, PCR, and sequencing are shown in Table 1 .
Cell cultures and viruses. Chicken embryo cell (CEC) cultures were prepared from 10-day-old specific-pathogen-free (SPF) embryos following standard methods (39) . Recombinant viruses (vParental, vUL47-EGFP, and vUL49-EGFP) were reconstituted by cotransfecting purified BAC DNA with pCAGGS-NLS/Cre into CEC cultures using the CaPO 4 precipitation method, as described previously (21) . Chicken kidney cell (CKC) cultures were prepared from 14-day-old SPF chickens (39) and used to propagate rMDV after reconstitution in CEC cultures. All reconstituted rMDVs were used at Յ5 passages.
Measurement of plaque areas. Plaque areas were measured as previously described (23) . Briefly, CEC cultures were seeded in 6-well dishes and infected with 100 PFU per well. After 5 days, the cells were washed once with phosphate-buffered saline (PBS), fixed and permeabilized with PFA buffer (2% paraformaldehyde, 0.1% Triton X-100) for 15 min, and washed twice with PBS. vUL47-and vUL49-EGFP-induced plaques were visualized directly, while immunofluorescence assays were performed on the vParental-induced plaques as previously described (23) . Digital images of 30 individual plaques were obtained using an Axiovert 25 inverted epifluorescence microscope and an AxioCam HRc digital camera (Zeiss, San Marcos, CA). Plaque areas were measured using ImageJ software (1) version 1.41o (http://rsb.info.nih.gov/ij), and means were determined for each virus. Significant differences in mean plaque areas were determined using Student's t test.
Fluorescence microscopy. CKC cultures were infected with vParental, vUL47-EGFP, or vUL49-EGFP on sterile glass coverslips in 24-well dishes at 50 PFU per well. At 4 days postinfection (p.i.), cells were fixed with PFA buffer for 15 min and then washed twice with PBS. Tissues were collected from MDV-infected and age-matched uninfected chickens and snap-frozen in Tissue Tek optimal cutting temperature (OCT) compound (Sankura Finetek, Torrance, CA) and stored at Ϫ80°C until they were sectioned. Sections (5 m, spleen and tumor; 8 m, skin/feather) were affixed to Superfrost/Plus slides (Fisher Scientific, Pittsburgh, PA) and fixed as described above. Whole skin/feather tissues or plucked feathers were collected from uninfected or MDV-infected chickens and either immediately viewed with a stereoscope or fixed in 10% neutral buffered formalin.
Infected CKC cultures, cryosectioned tissues, or whole tissues used for antigen detection were blocked in 10% neonatal calf serum and stained with monoclonal antibody 011 directed against the early lytic MDV protein pp38 (8) , rabbit polyclonal sera against the MDV oncoprotein Meq (4), or polyclonal chicken anti-MDV antiserum (23) . Goat anti-chicken IgY-Alexa Fluor 568, goat anti-mouse IgG-Cy5 or -Alexa Fluor 568, and goat anti-rabbit IgG-Cy5 or -Alexa Fluor 568 (Molecular Probes, Eugene, OR) were used as secondary antibodies. Hoechst 33342 (2 g/ml; Molecular Probes) facilitated visualization of nuclei. The Axio Imager M1 system with AxioVision software (Carl Zeiss, Inc., Thornwood, NY) or a Leica Microsystems, Inc. (Buffalo Grove, IL), SP5 laser scanning confocal microscope (LSCM) system was used to analyze stained coverslips or slides. The following fluorescent dyes were excited, and emissions were detected with the SP5 LCSM as follows: Hoechst 33343 excited at 405 nm with a UV diode laser and detected at 417 to 462 nm, EGFP excited with an argon laser (458-nm laser line) and detected at 498 to 550 nm, Alexa Fluor 568 excited at 561 nm with a diode pump solid-state (DPSS) laser and detected at 566 to 632 nm, and Cy5 excited at 633 nm with a helium-neon red laser and detected at 652 to 711 nm. The Olympus SZX-12 stereoscope (kindly provided by the Plant Cell Imaging Center at The Boyce Thompson Institute for Plant Research, Ithaca, NY) was used for analysis of whole skin/feathers and plucked feathers at low magnification. The long pass (LP) Green (excitation, 470 nm; emission LP, 500 nm) and Red (excitation, 540 nm; emission, 605 nm) filter cubes were used to detected EGFP and Alexa Fluor 568, respectively. All images were compiled using Adobe Photoshop CS2 version 9.0.2.
In vivo experiments. SPF P2a (major histocompatibility complex [MHC], B 19 B 19 ) chickens were obtained from departmental flocks and housed in isolation units. All experimental procedures were conducted in compliance with approved Institutional Animal Care and Use Committee protocols (Cornell University protocol number 2008-0018). Water and food were provided ad libitum. The chickens were inoculated intraabdominally with 2,000 PFU of each virus at 7 days of age. Groups of chickens were housed in glove box isolators and monitored for the development of MD clinical signs over the course of 10 weeks. The chickens were evaluated daily for symptoms of MD, euthanized, and examined for gross MD lesions when the birds showed clinical evidence of MD.
RESULTS
Generation of rMDV expressing EGFP-tagged pUL47 and pUL49. In order to visualize MDV-infected cells in vitro and in vivo, we inserted EGFP at the C terminus of the pUL47 or pUL49 tegument protein in rParental (Fig. 1A to C) . RFLP analysis of rUL47-EGFP and rUL49-EGFP confirmed the integrity of the BAC clones as the predicted banding pattern was observed (Fig.  1D ). In addition, DNA sequencing was used to confirm that each clone was correct at the nucleotide level (data not shown) using primers specific for each gene (Table 1) .
In vitro replication of vUL47-EGFP and vUL49-EGFP. We first tested the in vitro growth properties of vUL47-and vUL49-EGFP using plaque size assays to determine the effect of the EGFP insertion on virus replication. The plaque sizes of vUL47-EGFP were comparable to those induced by vParental, while vUL49-EGFP-induced plaques were significantly smaller than those of the first two (Fig. 2 ). An independently generated second vUL49-EGFP showed comparable growth impairment (data not shown), indicating that insertion of EGFP at the C terminus of pUL49 had an effect on virus replication in vitro. These data are consistent with the fact that pUL49 is essential for MDV replication (16) .
Expression of pUL47-and pUL49-EGFP in vitro.
During the initial analysis of vUL47-and vUL49-EGFP, it became apparent that the fluorescence intensity of each virus was vastly different. To evaluate expression levels of pUL47-and pUL49-EGFP relative to other MDV antigens, vUL47-and vUL49-EGFP-infected cells were stained with polyclonal anti-MDV sera and anti-MDV Meq, which localizes to the nucleus (27) . Images of virus plaques were taken under identical conditions to visualize differences in the expression levels of pUL47-and pUL49-EGFP (Fig. 3A) . As shown in the plaque area assays (Fig. 2) , plaque sizes induced by vUL49-EGFP were considerably smaller than those induced by both vParental and vUL47-EGFP. However, pUL49-EGFP expression levels were much higher than those of pUL47-EGFP, which was barely detectable in vUL47-EGFP-induced plaques. Overall MDV protein expression detected with the polyclonal MDV sera and specific Meq expression were comparable among all three viruses, suggesting that an alteration of viral-protein biosynthesis was not responsible for the differences in fluorescence between pUL47-and pUL49-EGFP. At higher magnifications (ϫ400 and ϫ630), expression of pUL47-EGFP was more readily detected, but very few cells appeared to have abundant pUL47-EGFP production (Fig. 3B) .
Next, we used LSCM to determine the localization of pUL47-EGFP and pUL49-EGFP in infected cells (Fig. 4) . pUL47-EGFP was predominantly present in the nucleus and in the cytoplasm of some infected cells (Fig. 4A and B) . Of the two infected cells in Fig.  4A , only one shows abundant levels of pUL47-EGFP, likely as a result of the cells being at a later stage of infection, as pUL47 is a true late gene (32) . Large nuclear punctate domains within the nucleus were evident in these cells (Fig. 4A and B) , similar to what has been previously seen for the HSV-1 ortholog during infection of Vero cells (13, 45) . The presence of pUL49-EGFP was observed throughout the cell (Fig. 4C and D) , also consistent with previous reports on pUL49 localization studies (11, 19, 36, 37, 45) . Meq was present mostly in the nucleus (27) , while MDV proteins were present throughout infected cells.
Virulence of vUL47-and vUL49-EGFP. In order to test the virulence of vUL47-and vUL49-EGFP, 7-day-old P2a chickens were infected with 2,000 PFU of each virus. In addition, uninfected chickens were housed with the infected animals to monitor animal-to-animal transmission of the rMDV. vUL49-EGFP was severely attenuated, as only one experimentally infected chicken and none of the contact chickens developed MD over the course of the experiment (Fig. 5) . In contrast, vUL47-EGFP efficiently caused MD in 100% of the chickens infected by the intraabdominal route and 44% of the contact chickens by 10 weeks p.i., similar to what was observed for vParental previously (21, 22) . (Fig. 2 to 5 ), we con-
Differential tissue expression of pUL47-EGFP in vivo. Since vUL49-EGFP was highly attenuated in vivo

FIG 2
Plaque area assay of rMDV. Plaque areas were measured for parental virus (vParental) and viruses reconstituted from rUL47-EGFP (vUL47-EGFP) and rUL49-EGFP1 (vUL49-EGFP). They were significantly different (P ϭ 1.7 ϫ 10 Ϫ6 ) using Student's t tests (indicated with an asterisk). The error bars indicate standard errors of the means.
FIG 3 Expression of pUL47-and pUL49-EGFP fusion proteins in vitro. (A) CKC cultures were infected with vParental, vUL47-EGFP, or vUL49-EGFP on glass
coverslips and then fixed after 4 days p.i. Plaques were stained for multiple antigens, and four-color images were taken using the Axio Imager M1 system with AxioVision software. Shown is a representative plaque for each virus. Hoechst 33342 stain was used to identify nuclei (blue), anti-MDV chicken antibody was used to identify overall MDV antigen expression (red), and anti-Meq rabbit antibody was used to examine MDV antigen localization to the nucleus. For each plaque, the same parameters (lasers, excitation/emission wavelengths, time of exposure, magnification, etc.) were used to compare the fluorescence intensities. The merged images contain all four fluorescence channels. (B) High-magnification images of vUL47-EGFP-induced plaques. The arrows indicate cells that show abundant pUL47-EGFP expression. The images were recorded at the indicated magnifications using a Leica SP5 confocal microscope system. tinued with only vUL47-EGFP, which did not have any measurable defect in pathogenicity (Fig. 5) . We examined the expression of pUL47-EGFP in the spleen, tumors, and feather follicles from chickens infected with vUL47-EGFP relative to the early lytic protein pp38, which is expressed predominantly during lytic replication or reactivation (33) , and the oncoprotein Meq, which is expressed in lytically and latently infected cells and tumor cells (30) .
Production of pUL47-EGFP was detectable at low levels in lytically infected pp38-positive cells in the spleens of infected animals but was not detected in tumors that mainly contained latently infected or transformed Meq-positive cells (Fig. 6A) . In contrast, pUL47-EGFP levels in FFE cells of the skin were very high. Furthermore, pUL47-EGFP was differentially expressed in MDVinfected FFE cells, as some cells had abundant pUL47-EGFP while pp38 and/or Meq was detected at low levels, and vice versa. Interestingly, pUL47-EGFP was present mostly in the cytoplasm of FFE and spleen cells in vivo, in contrast to its predominantly nuclear localization in cultured cells in vitro (Fig. 6A and B) .
Analysis of a longitudinally cut whole feather follicle revealed that pUL47-EGFP and pp38 are expressed specifically in FFE cells along the follicle sheath (Fig. 7) . Again, we observed many cells expressing high levels of pp38 and very little or no visible pUL47-EGFP, while others expressed both and still others expressed high levels of pUL47-EGFP and little to no pp38. In all, it became apparent that synthesis and/or stability of pUL47-EGFP is high in FFE cells while little of the tegument protein was detectable in other tissues in the chicken during infection.
pUL47-EGFP production in whole feathers and skin. Since production of pUL47-EGFP was abundant in FFE cells as determined by fluorescence microscopy, we next examined pUL47-EGFP production in feathers. To do this, we collected either whole breast skin/ feather follicle sections (Fig. 8A and C) or plucked wing feathers ( . pUL47-EGFP is contained in large nuclear punctate domains (left, ϫ2,520; right, ϫ1,890), while pUL49-EGFP can be seen in the cytoplasm and nucleus (both, ϫ1,890).
FIG 5
Virulence of vUL47-and vUL49-EGFP in chickens. Groups of MDsusceptible P2a chickens were inoculated with vUL47-EGFP or vUL49-EGFP and housed in separate glove box isolators with contact (con) chickens for 10 weeks. MD incidence was determined by identification of gross lesions in dead or euthanized chickens, and the contact chickens were used to determine if rMDV was able to be transmitted to naïve chickens. nation of the skin/feather tissues revealed that pUL47-EGFP was clearly detectable in the feather follicles when the tissue was observed on the axial side of the skin, while no fluorescence was seen on the abaxial side, at the base of the follicle (Fig. 8A) . No fluorescence was visible in control tissues of uninfected chickens. Consistent with these observations, feathers plucked from the wing showed that pUL47-EGFP was readily detected along the shaft of the feather follicle but was not found once the barbs of the feather were formed (Fig. 8B ). Dual staining with antibody against pp38 confirmed differential expression of pUL47-EGFP and pp38 in plucked feathers and whole skin/feather follicles (Fig. 8C) . We concluded from our results that pUL47-EGFP is highly expressed in feather follicles and is expressed differentially relative to the early cytolytic pp38 protein of MDV.
DISCUSSION
In this report, we sought to generate fluorescently tagged rMDV that could be used for in vitro and in vivo studies while at the same time exhibiting no detectable loss of pathogenicity. Fusion of
FIG 6
Tissue expression of pUL47-EGFP in chickens. (A) Spleen, tumor, and skin/feather tissues were collected from vUL47-EGFP-infected chickens at 21 days p.i. Slides with tissues were fixed and stained for multiple antigens, and four-color images were taken using the Axio Imager M1 system and AxioVision software. Hoechst 33342 stain was used to identify nuclei (blue), anti-pp38 monoclonal antibody was used to examine early lytic MDV protein expression (gray), and anti-Meq rabbit antibody was used to identify transformed or latently infected cells (red) in contrast to expression of pUL47-EGFP (green). Magnifications are indicated, and the white arrowheads indicate pUL47-EGFP-positive cells. The asterisks indicate Meq-positive cells in feather follicle sections that are most likely infected circulating T lymphocytes. (B) FFE cells infected with vUL47-EGFP were stained for pp38 (red) and nuclei (blue) with anti-pp38 antibody and Hoechst 33342, respectively, and z-stack images were collected at 1.5 m per stack at ϫ2,520 using an SP5 LSCM system. pp38 expression is seen in both the nucleus and cytoplasm, while pUL47-EGFP expression is mostly in the cytoplasm. Some cells that express only pp38 or pUL47-EGFP can be seen, while others express both. The merging of colors had the following results: red plus green, yellow; red plus blue, magenta; blue plus green, cyan; and red plus blue plus green, white.
EGFP to the C terminus of pUL49 resulted in strong fluorescence in vitro; however, it also led to attenuation (Fig. 2 to 5 ). In contrast, rMDV that harbored the EGFP protein fused to the C terminus of pUL47 replicated to levels comparable to those of parental virus in vitro (Fig. 2) and, more importantly, also induced disease that was indistinguishable from that caused by vParental with respect to the induction of disease and chicken-to-chicken transmission (Fig. 5 ). pUL47-EGFP was expressed at low levels and in the nucleus in vitro ( Fig. 3 and 4) and in most tissues in vivo (Fig. 6) , while levels were high in FFE cells in the skin and present in the cytoplasm (Fig. 6 to 8) .
Fusing EGFP to UL49 led to virus exhibiting attenuated characteristics ( Fig. 2 to 5 ). The product of the UL49 gene, VP22, has been shown to represent a major tegument protein for most Alphaherpesvirinae. When UL49 was replaced with a kanamycin resistance gene in an attenuated MDV BAC20 clone (40) , the virus was unable to form plaques (16) , confirming the importance of pUL49 for MDV replication and spread. Denesvre et al. (11) previously inserted EGFP at the N terminus of pUL49 of BAC20 (BAC20 EGFPVP22) that also exhibited a defect in replication in vitro of about 3-fold compared to the parental virus, consistent with the reduction in plaque area observed in this study (Fig. 2) . Additionally, they showed that pUL49-EGFP was expressed in both the cytoplasm and the nuclei of infected cells in CEC cultures, consistent with our data (Fig. 4) . Combined with the previous report, our results indicate that fusing EGFP to the C-or N terminus of pUL49 significantly affects the function of this major tegument component, possibly by affecting the structure and/or posttranslational modification of VP22, as was previously discussed (11) . The exact role of pUL49 in MDV replication is not known, but the homologues in HSV-1 and VZV have been linked to recruitment of other tegument proteins, resulting in efficient virus egress and cell-to-cell spread (10, 17, 18) . Unfortunately, vUL49-EGFP exhibited a defect in replication and has reduced pathogenicity; therefore, it cannot be used for most applications.
pUL47 (VP13/14) is a major tegument protein in HSV-1 (29) , and deletion of UL47 in HSV-1, MDV, pseudorabies virus (PRV), infectious laryngotracheitis virus (ILTV), and bovine herpesvirus 1 (BHV-1) led to impaired virus replication in vitro (16, 20, 26, 28, 47) . In vivo, deletion of UL47 in PRV, ILTV, and BHV-1 resulted in attenuation (20, 25, 28) . MDV UL47-null mutants have not been tested in vivo to date. The role of pUL47 in herpesvirus replication is not completely understood, but it has been suggested that it is involved in regulation of VP16, the alpha-transinducing factor important for transactivation of immediate-early (IE) genes (31, 47) . Additionally, pUL47 acts as a nucleocytoplasmic shuttling protein (13, 14) with a potential role in RNA biogenesis and/or trafficking during infection (15) . To our knowledge, this study is the first to use a UL47 fusion protein for in vivo studies in which the pathogenesis of the mutant virus was not altered.
It was intriguing that production of pUL47-EGFP in vitro ( Fig.  3 and 4 ) and in lymphocytes in the spleens and tumors of infected chickens was very low or nonexistent (Fig. 6) , while the levels in FFE cells were high (Fig. 6 to 8) . It was also interesting that localization of pUL47-EGFP in tissue culture cells in vitro was predominantly observed in the nucleus but remained mainly cytoplasmic in FFE cells. MDV is strictly cell associated in vitro and in lymphocytes in vivo, while cell-free infectious virions are produced only in the FFE cells from which virus is shed into the environment (6) . Given the different levels and localizations of pUL47-EGFP between in vitro replication and replication in FFE cells in vivo, it is tempting to speculate that higher expression levels or stability of pUL47 may be related to this phenomenon. There are several hypotheses that could explain the differential expression of pUL47. First, MDV pUL47 may be directly linked to the highly cellassociated nature of MDV in vitro and in lymphocytes in vivo and to the production of cell-free virus in FFE cells. More specifically, the low expression levels and nuclear localization of pUL47 in vitro, contrasting with the high levels of pUL47 in the cytoplasm of FFE cells, may be directly related to production of cell-free virus in vivo and the absence of free MDV in vitro. It is possible that pUL47, which was shown to be a protein shuttling between the nucleus and the cytoplasm (13, 14) , assumes different capacities in this respect in different cell types based on posttranslational modifications. Alternatively, pUL47 production may not play a direct role in free-virus production but could be an indicator of production of true late MDV proteins that are not efficiently expressed in most cells. FFE cells in the skin may support late gene expression
FIG 7
Dual-color staining of a whole feather follicle longitudinally cut down the feather follicle. On the left is shown a complete feather follicle in bright field and stained for pp38 (red) and pUL47-EGFP (green). The image was obtained by combining three images at ϫ25 with the Axio Imager M1 system. Boxes 1, 2, and 3 are shown on the right at ϫ200 to better visualize the differential staining. Also indicated are structural regions of the feather follicle, including the feather sheath, the follicle sheath, and FFE cells.
for productive virion development, a function that may be defective in other cells the virus infects in vitro or in vivo. Yet another possibility is that, irrespective of the direct or indirect role pUL47 may play in morphogenesis, FFE cells allow the accumulation of viral proteins to levels at which cell-free virus can be produced and released directly from the feather follicle as cell-free virus or shed from the chicken during desquamation. The potential role in the generation of cell-free MDV and potential applications of pUL47-EGFP as a marker for true late MDV gene expression will be pursued in further studies.
